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Structural variations in Gd5Si4-xSnx: size vs. electronic effects
Abstract
B12 icosahedra cluster-containing rare earth borosilicides REB44Si2 (RE = Tb, Dy, Ho, Er, Tm, Yb) were
grown by the floating zone method and their physical properties were investigated. REB44Si2 compounds are
isostructural to REB50 and they are unique among the newly discovered boron-rich phases in that it is
possible to grow large crystals with dimensions exceeding 10 mm. The rare earth atoms form a coupled chain
structure like a ladder along the c-axis which is also the axis along which there is a B12 icosahedral chain.
Magnetic properties, resistivity, and specific heat of the compounds were investigated. The conductivity
follows the 3D variable range hopping mechanism and it was determined that localization lengths ξ are
extremely short, actually close to the distances of the atoms themselves. Magnetic transitions above 4 K are
indicated for all the compounds except for TmB44Si2 and it is found that specific heat measurement is the
expedient probe of such compounds in which the low temperature susceptibility is influenced by external
conditions such as crystal growth rate. Despite dimer-like features to the magnetic transition a spin gap is not
observed. The magnetic coupling in these systems is indicated to be different from the conventional
mechanisms in f-electron systems of dipole-dipole coupling or RKKY interaction.
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Abstract. X-ray single crystal diffraction studies on the
Gd5Si4xSnx series with 0  x  3 revealed an increase
in the interslab T– T (T ¼ Si, Sn) dimer distances and
transition from Gd5Si4-type structures for 0  x  1.5
(dT– T ¼ 2.49–2.71 A) to the Pu5Rh4-type structure for
x ¼ 2 (dT– T ¼ 3.04 A). The Ti5Ga4-type structure, which is a
stuffed version of the hexagonal Mn5Si3 structure, was ob-
served for the Gd5SiSn3 sample (x ¼ 3). Tight-binding line-
ar-muffin-tin-orbital (TB-LMTO) calculations on Gd5Si2Sn2
show that the interslab (T1– T1) dimer stretching and the
structural transition from the Gd5Si4-type to the Pu5Rh4-
type results from the influence of the 5p atomic orbital
energy and the larger size of the Sn atoms on the electro-
nic structure, as compared to the Si and Ge atoms in
Gd5Si4 and Gd5Si2Ge2.
Introduction
Discovery of the giant magnetocaloric effect in Gd5Si2Ge2
[1–3] was followed by extensive research of the R5SixGe4x
phases (R is a rare-earth element). Those studies revealed
not only rich physics, such a giant magnetoresistance [4–6]
and colossal magenotostriction [7, 8], present in the
R5SixGe4–x phases, but also interesting chemistry, such as
microscopic twinning [9], dependence of crystal structures
on the Si/Ge ratio [10] and valence electron count [11]. The
main structural feature of the magnetic/martensitic transition
in Gd5Si2Ge2 is a shear movement of
2
1½Gd5T4 slabs (T is a
mixture of Ge and Si atoms on the corresponding sites) ac-
companied by reversible cleavage and formation of the
covalent-like interslab T– T bonds during the a–b (272 K)
and b–g (593 K) transitions. [12, 13] Calculations by Choe
et al. [12] and by Pecharsky et al. [14] suggested an inti-
mate relationship between the structure/magnetism of
Gd5Si2Ge2 and valence electron concentration available for
metallic bonding. This idea was later tested on the
Gd5GaxGe4x system, and it was found that a higher elec-
tron concentration weakens the interslab T– T (T ¼ Ga,
Ge) dimers and leads to dimer cleavage and a structural
transition [11]. While the role of the valence electron con-
centration was elucidated, the size effect and energy of the
valence electrons of Ge atoms on the structural changes in
Gd5Si2Ge2 was not well understood. It can be expected
that larger Ge atoms, as compared to Si atoms, increase the
interslab bond distances, but the question is whether Ge
atoms are sufficiently large to fully break the interslab di-
mers or other factors, such as the orbital energies of the
valence electrons, are more consequential.
This uncertainty stems from a complex interplay be-
tween valence electron concentration, Si/Ge ratio, tempera-
ture and magnetic field during the magnetic/martensitic
transition in Gd5Si2Ge2. In this light, a system that allows
full decoupling of a crystal structure from temperature and
valence electron concentration, while exhibiting a bond
cleavage similar to that of Gd5Si2Ge2, is highly desirable for
testing forthcoming theoretical models. The Gd5Si4xSnx
system shows the Gd5Si4-type (with all T– T dimers be-
tween the slabs) and Sm5Ge4-type (no T– T dimers between
the slabs) structures for Gd5Si4 [15] and Gd5Sn4 [16] as its
end members, similar to the Gd5Si4xGex system [10]. The
Si-to-Sn substitution increases the average size of the T sites
as the Si-to-Ge substitution does (rSi ¼ 1.173, rGe ¼ 1.242
and rSn ¼ 1.399 A) [17]. However, the Si-to-Sn and Si-to-
Ge variations have the opposite effects on the average
orbital energy of the valence electrons of the T sites as
seen from the configuration energies1 (CESi ¼ 11.33,
CEGe ¼ 11.80 and CESn ¼ 10.79 eV) [18]. Thus, through
the Si/Sn variation this system can provide some clues on
how the size of the T atoms influences the structure and
physical properties of the R5X4 phases (R is a rare-earth
element and X is a main group element).
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number of s and p electrons, and es and ep are the experimentally
determined, multiplet averaged, one electron energies.
Brought to you by | Iowa State University
Authenticated
Download Date | 12/18/15 10:47 PM
Some data on the Gd5Si4xSnx system were reported
by Wang et al. [19], but their focus was predominantly on
the physical properties. Structural characterization of the
Gd5Si4xSnx phases was limited to the lattice parameters
refinement from powder X-ray diffraction. Furthermore,
they reported a Gd5Si2Ge2-type phase for the Gd5SiSn3
polycrystalline sample, which could not be verified by us.
In this paper, we present structural changes in the
Gd5Si4xSnx system and discuss the size effect of the Sn
atoms.
Experimental details
Synthesis
The starting materials were pieces of gadolinium (99.99 wt%,
Materials Preparation Center, Ames Laboratory), silicon
(99.9999 wt%, Aldrich), and tin (99.999 wt%, Aldrich).
The alloys with the Gd5Si4xSnx, x ¼ 0, 0.6, 1, 1.5, 2,
2.5, 3, stoichiometry and total mass of 3 g were prepared
by arc-melting the element mixtures on a copper hearth
in an argon atmosphere. The alloy buttons were re-melted
six times to ensure homogeneity (weight losses during
melting were negligible, <0.1 wt%) and then checked for
homogeneity by X-ray powder diffraction (Huber image
plate, CuKa1 radiation). Despite re-melting, the alloys
with lower Sn concentrations, x ¼ 0.6 and 1, were inho-
mogeneous: their X-ray powder diffraction patterns indi-
cated the presence of at least three phases with close, but
different Sn amounts and lattice parameters. Both these
alloys and the ones with higher Sn concentrations con-
tained single crystals suitable for X-ray diffraction. An-
nealing at 1073 K for 1 week improved the homogeneity
of the alloy but rendered crystals too small and unsuita-
ble for X-ray diffraction experiments. In this paper we
will be presenting only the single crystal results. The
synthesized phases, except for Gd5Si4, were air sensitive
and were kept and handled in an argon-filled glove box
(amounts of O2 and H2O were less than 5 ppm). As the
tin concentration increased in a sample, the faster it de-
graded in air.
X-ray analysis
The cast samples were characterized by room-temperature
(all phases) and high-temperature (Gd5Si4) X-ray single
crystal diffraction. For Gd5Si4 the high-temperature dif-
fraction studies were done at 363 K, above its Curie tem-
perature of 345.7 K [20]. Crystals were picked from the
cast Gd5Si4–xSnx samples with x ¼ 0, 0.6, 1, 1.5, 2, 2.5
and 3. X-ray diffraction data were collected on a Bruker
SMART Apex CCD diffractometer (MoKa radiation)
equipped with a Nonius crystal heater [21], and were har-
vested in a reciprocal hemisphere with 0.3 scans in w
and with an exposure time of 10 sec per frame. The range
of 2q extended from 4 to 57. Intensities were extracted
and then corrected for Lorentz and polarization effects
through the SAINT program [22]. Empirical absorption
corrections were based on modeling a transmission surface
by spherical harmonics employing equivalent reflections
with I/s(I) > 3 (program SADABS) [22]. Structures were
solved by direct methods and refined on F 2 by the full-
matrix least-squares method (program SHELXTL) [22].
Crystallographic details and atomic parameters for all crys-
tals and interatomic distances for paramagnetic Gd5Si2Sn2
and Gd5Si4 are presented in Tables 1, 2 and 32.
As expected, on heating the Gd5Si4 crystal from 293 to
363 K, there is a thermal expansion of the structure re-
flected in larger unit cell dimensions and interatomic dis-
tances (compare the T– T bonds in Table 1). Changes in
the atomic parameters of Gd5Si4 are small and most of
them are within three standard deviations from one an-
other. The refined compositions of the Gd5Si2.56(8)Sn1.44(8)
and Gd5Si2.02(5)Sn1.98(5) crystals are identical within one
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2 Additional material to this paper can be ordered referring to the
no. CSD 415977 (Gd5Si4, 363 K), 415978 (Gd5Si4, 293 K), 415979
(Gd5Si3.39Sn0.61, 293 K), 415980 (Gd5Si3.7Sn0.3, 293 K), 415981
(Gd5Si2.56Sn1.44, 293 K), 415982 (Gd5Si2.02Sn1.98, 293 K), 415983
(Gd5Si1.11Sn2.52, 293 K), 415984 (Gd5Si0.71Sn3, 293 K), names of the
authors and citation of the paper at the Fachinformationszentrum
Karlsruhe, Gesellschaft fu¨r wissenschaftlich-technische Information
mbH, D-76344 Eggenstein-Leopoldshafen, Germany. The list of
Fo=Fc-data is available from the author up to one year after the pub-
lication has appeared.
Table 1. Crystal data and structure refinement for Gd5Si4xSnx (MoKa radiation, 2q range ¼ 4–57).
Composition Gd5Si4 Gd5Si4 Gd5Si3.70(4)Sn0.30(4) Gd5Si3.39(1)Sn0.61(1) Gd5Si2.56(8)Sn1.44(8) Gd5Si2.02(5)Sn1.98(5) Gd5Si1.11(5)Sn2.52(1) Gd5Si0.71(5)Sn3
Temperature, K 293(2) 363(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
Structure type Gd5Si4 Gd5Si4 Gd5Si4 Gd5Si4 Gd5Si4 Pu5Rh4 Ti5Ga4 Ti5Ga4
Space group Pnma Pnma Pnma Pnma Pnma Pnma P63/mcm P63/mcm
a, A
b, A
c, A
7.4836(6)
14.745(1)
7.7491(6)
7.5076(6)
14.796(1)
7.7806(6)
7.5077(6)
14.818(2)
7.8014(6)
7.5261(5)
14.886(1)
7.8517(6)
7.637(1)
15.127(2)
7.912(1)
7.6855(8)
15.1887(16)
8.0237(8)
9.138(2)
9.138(2)
6.601(1)
9.163(3)
9.163(3)
6.560(3)
Volume, A3 855.1(1) 864.3(1) 867.9(1) 879.6(1) 914.1(2) 936.6(2) 477.4(2) 477.0(3)
Z 4 4 4 4 4 4 2 2
Data/parameters 826/46 1047/46 1174/49 1091/49 1040/49 1033/49 259/16 233/15
R [I > 2s(I)] R1 ¼ 0.0189 R1 ¼ 0.0207 R1 ¼ 0.0566 R1 ¼ 0.0200 R1 ¼ 0.0848 R1 ¼ 0.0613 R1 ¼ 0.0587 R1 ¼ 0.0296
Peak/hole, e/A3 1.237/– 1.188 1.629/– 1.005 6.676/– 5.739 1.178/– 1.436 4.443/– 4.422 3.642/– 3.958 2.161/– 1.631 2.090/– 1.61
dT1T1, A 2.488(3) 2.507(3) 2.612(7) 2.709(2) 2.694(9) 3.041(4)
dT2T3, A 2.483(3) 2.511(3) 2.540(8) 2.593(3) 2.665(13) 2.749(7)
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Table 2. Atomic parameters and isotropic temperature factors (A2) for the Gd5Si4–xSnx phases.
Atom Si Occupancy (%) x y z Ueq
Gd5Si4 (Gd5Si4-type, 293 K)
Gd1 8d 0.02913(4) 0.59726(2) 0.18267(4) 0.0100(1)
Gd2 8d 0.31616(4) 0.12232(2) 0.17963(5) 0.0083(1)
Gd3 4c 0.14402(5) 1=4 0.51095(6) 0.0084(1)
Si1 8d 100 0.1437(2) 0.0399(1) 0.4728(2) 0.0101(4)
Si2 4c 100 0.0211(3) 1=4 0.0993(4) 0.0096(5)
Si3 4c 100 0.2589(4) 1=4 0.8758(3) 0.0101(5)
Gd5Si4 (Gd5Si4-type, 363 K)
Gd1 8d 0.02872(4) 0.59732(2) 0.18236(3) 0.0117(1)
Gd2 8d 0.31628(4) 0.12229(2) 0.17984(3) 0.0096(1)
Gd3 4c 0.14510(5) 1=4 0.51201(5) 0.0100(1)
Si1 8d 100 0.1446(2) 0.0398(1) 0.4725(2) 0.0122(3)
Si2 4c 100 0.0210(3) 1=4 0.1013(3) 0.0117(5)
Si3 4c 100 0.2600(3) 1=4 0.8757(3) 0.0111(5)
Gd5Si3.70(4)Sn0.30(4) (Gd5Si4-type, 293 K)
Gd1 8d 0.0256(1) 0.59717(5) 0.18209(8) 0.0127(3)
Gd2 8d 0.3189(1) 0.12282(5) 0.17942(8) 0.0114(3)
Gd3 4c 0.1481(1) 1=4 0.5107(1) 0.0109(3)
T1 8d 90.1/9.9(8) 0.1529(5) 0.0389(2) 0.4699(4) 0.015(1)
T2 4c 97/3(1) 0.0239(8) 1=4 0.1011(7) 0.011(2)
T3 4c 93/7(1) 0.2644(7) 1=4 0.8722(5) 0.008(1)
Gd5Si3.39(1)Sn0.61(1) (Gd5Si4-type, 293 K)
Gd1 8d 0.02129(4) 0.59699(2) 0.18170(4) 0.0138(1)
Gd2 8d 0.32191(4) 0.12362(2) 0.17828(4) 0.0131(1)
Gd3 4c 0.15281(5) 1=4 0.51001(5) 0.0124(1)
T1 8d 80.2/19.8(3) 0.1599(1) 0.03824(8) 0.4685(1) 0.0144(4)
T2 4c 96.8/3.2(4) 0.0259(3) 1=4 0.1025(3) 0.0120(8)
T3 4c 81.9/18.1(4) 0.2703(2) 1=4 0.8697(2) 0.0122(5)
Gd5Si2.56(8)Sn1.44(8) (Gd5Si4-type, 293 K)
Gd1 8d 0.0164(2) 0.5923(1) 0.1684(2) 0.0170(4)
Gd2 8d 0.3174(2) 0.1225(1) 0.1821(2) 0.0152(4)
Gd3 4c 0.1483(4) 1=4 0.5122(3) 0.0152(6)
T1 8d 53/47(2) 0.1543(6) 0.0413(3) 0.4762(5) 0.016(1)
T2 4c 89/11(2) 0.0183(15) 1=4 0.1044(14) 0.017(4)
T3 4c 61/39(2) 0.2682(10) 1=4 0.8694(8) 0.017(2)
Gd5Si2.02(5)Sn1.98(5) (Pu5Rh4-type, 293 K)
Gd1 8d 0.0019(2) 0.59728(8) 0.1785(2) 0.0174(3)
Gd2 8d 0.3408(2) 0.12605(8) 0.1749(2) 0.0184(3)
Gd3 4c 0.1764(2) 1=4 0.5057(2) 0.0160(4)
T1 8d 35/65(1) 0.1798(3) 0.0376(1) 0.4656(3) 0.0138(7)
T2 4c 83/17(1) 0.0422(8) 1=4 0.1079(8) 0.015(2)
T3 4c 50/50(1) 0.2933(5) 1=4 0.8639(4) 0.013(1)
Gd5(Sn0.84(1)Si0.16(1))3Si0.63(8) (Ti5Ga4-type, 293 K)
Gd1 6g 0.7483(1) 0 1=4 0.0182(5)
Gd2 4c 1=3 2=3 0 0.0192(5)
Sn/Si 6g 84/16 (1) 0.3939(3) 0 1=4 0.0158(8)
Si 2a 63(8) 0 0 0 0.018(9)
Gd5Si0.71(5)Sn3 (Ti5Ga4-type, 293 K)
Gd1 6g 0.7495(1) 0 1=4 0.0141(3)
Gd2 4c 1=3 2=3 0 0.0112(3)
Sn 6g 100 0.3933(1) 0 1=4 0.0132(4)
Si 2a 71(5) 0 0 0 0.026(5)
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standard deviation, respectively, to the compositions of the
Gd5Si2.5Sn1.5 and Gd5Si2Sn2 samples from which they
were extracted. Crystals picked from the Gd5Si3.4Sn0.6 and
Gd5Si3Sn alloys were refined to be poorer in tin:
Gd5Si3.70(4)Sn0.30(4) and Gd5Si3.39(1)Sn0.61(1), respectively,
which is consistent with the inhomogeneity in those al-
loys. The lattice parameters of the Gd5Si3.70(4)Sn0.30(4) and
Gd5Si3.39(1)Sn0.61(1) crystals were close to lattice parameters
refined from X-ray powder diffraction of the Sn-poorest
phases identified in the Gd5Si3.4Sn0.6 and Gd5Si3Sn cast
samples. Since the crystals were located only at the top
part of these samples, the Sn concentration seemed to be
smallest in those regions of the ingots. To test this as-
sumption, a second crystal was extracted from the top part
of the Gd5Si3Sn sample. Structural refinement yielded
again a Sn-poor composition of Gd5Si3.32(2)Sn0.68(2), thus,
confirming the Sn/Si inhomogeneity across the sample.
No R5X4-type phases were identified in the
Gd5Si1.5Sn2.5 and Gd5SiSn3 alloy, but phases that adopt a
filled Mn5Si3-type structure (also known as the Ti5Ga4-
type structure [23]) were found instead. Structural refine-
ment indicated a statistical Si/Sn mixture on the 6g site in
the crystal from the Gd5Si1.5Sn2.5 sample, but no statisti-
cally significant Si amount was detected on the 6g site in
the crystal from the Gd5SiSn3 sample. A difference elec-
tron density map indicated presence of additional atoms
on the 2a site, which could be occupied only by Si atoms
because of the short nearest neighbor distances. Refine-
ment of both crystals led to partial occupancy of Si on the
2a site and resulted in the Gd5(Sn0.84(1)Si0.16(1))3Si0.63(8)
and Gd5Sn3Si0.71(5) compositions, respectively. In contrast,
Wang et al. reported on the monoclinic Gd5Si2Ge2-type
structure for their Gd5Si0.8Sn3.2 sample [19]. Their struc-
tural analysis was based on the powder diffraction data
and was limited to the refinement of the unit cell para-
meters. To resolve this structural ambiguity, we calculated
an X-ray powder pattern of hexagonal Gd5Sn3Si0.71 and
compared it with the experimental one reported by Wang
et al. for their Gd5Si0.8Sn3.2 sample. Our theoretical pow-
der pattern of Gd5Sn3Si0.71 matched the experimental one
of Wang et al. for Gd5Si0.8Sn3.2 (e.g. positions and inten-
sities of the two most intense peaks at 2q ¼ 32.8
(hkl ¼ 211, CuKa radiation) and 33.6 (hkl ¼ 112) of
Gd5Sn3Si0.71 match well those of Gd5Si0.8Sn3.2). Thus, the
experimental data point to the existence of only the filled
Mn5Si3-type structure around the Gd5SiSn3 composition.
Electronic structure calculations
To explore the relationship between electronic and size
effects of the T atoms, tight-binding linear-muffin-tin-orbi-
tal calculations using the atomic sphere approximation
(TB-LMTO-ASA) [24] were carried out for the room-tem-
perature paramagnetic structure of Gd5Si2Sn2 and the
high-temperature orthorhombic paramagnetic structures of
Gd5Si4 (363 K) and Gd5Si2Ge2 (673 K). Structural para-
meters of Gd5Si2Sn2 and Gd5Si4 employed for calculations
were taken from Tables 1 and 2, and those of high-tem-
perature, orthorhombic Gd5Si2Ge2 from Reference [13].
Theoretical results for Gd5Si2Ge2 were used for compari-
son. To satisfy the overlap criteria of the atomic spheres in
the TB-LMTO-ASA method, empty spheres were included
in the unit cell (52 in Gd5Si2Sn2 and 90 in Gd5Si2Ge2)
employing an automatic procedure. The 4f electrons of Gd
were treated as core electrons [25], which is a good ap-
proximation since the structures considered are paramag-
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Table 3. Interatomic distances in paramagnetic Gd5Si4 (363 K) and Gd5Si2.02Sn1.98 (293 K).
Atoms Distance, A Atoms Distance, A
Gd5Si4 Gd5Si2.02Sn1.98 Gd5Si4 Gd5Si2.02Sn1.98
T1– T1(4) 2.507(3) 3.041(4) T3– Gd1(8) 3.143(2) 3.174(3)
Gd1(8) 3.163(2) 3.262(3)
T2– T3(4) 2.511(3) 2.749(7) Gd2(8) 3.058(2) 3.147(3)
Gd3(4) 2.958(2) 3.011(4)
T1– Gd1(8) 3.067(2) 3.118(2) Gd3(4) 3.020(2) 3.125(4)
Gd1(8) 3.103(2) 3.305(2)
Gd1(8) 3.157(2) 3.373(2) Gd1– Gd1(8) 3.8986(3) 4.0104(8)
Gd1(8) 3.726(2) 3.415(2) Gd1(4) 4.0661(6) 4.116(2)
Gd2(8) 2.887(2) 2.963(2) Gd2(8) 3.7751(5) 3.797(2)
Gd2(8) 2.905(2) 3.004(2) Gd2(8) 3.8454(5) 3.895(2)
Gd2(8) 2.995(2) 3.140(2) Gd2(8) 3.9012(5) 4.185(2)
Gd3(8) 3.126(2) 3.242(2) Gd2(8) 4.0587(5) 4.240(2)
Gd2(8) 4.0961(5) 4.277(2)
T2– Gd1(8) 3.180(2) 3.283(5) Gd3(8) 3.5300(4) 3.663(2)
Gd2(8) 2.972(2) 2.996(5) Gd3(8) 3.5856(5) 3.698(2)
Gd2(8) 2.977(2) 3.017(5)
Gd3(4) 2.956(2) 2.955(6) Gd2– Gd2(4) 3.7793(7) 3.765(2)
Gd3(4) 3.329(2) 3.354(6) Gd2(8) 3.9432(4) 4.0272(8)
Gd3(8) 3.4487(5) 3.491(2)
Gd3(8) 3.9093(3) 3.5507(2)
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netic either at room (Gd5Si2Sn2) or at high temperatures
(Gd5Si4 at 363 K and Gd5Si2Ge2 at 673 K) (physical prop-
erties of the Gd5Si4xSnx phases will be reported later).
Two structural models, consistent with the Pnma sym-
metry and sample stoichiometry, were considered for
Gd5Si2Sn2. In the first model, the Sn atoms were placed at
the T1 site and Si atoms at T2 and T3 sites; in the second
model, the Sn and Si atoms were exchanged. In the exam-
ple of orthorhombic Gd5Si2Ge2, both the experimental
data [12, 13] and theoretical calculations [25] indicated
preference of Ge atoms for the T1 site. Thus, only one
structural model with Ge atoms in the T1 site and Si
atoms in T2 and T3 sites was studied.
Results and discussion
Structural changes
The atomic parameters of the room-temperature ferromag-
netic and high-temperature paramagnetic structures of
Gd5Si4 are very similar and they are close to the ones
reported earlier [1, 26]. We will discuss just the structure
of paramagnetic Gd5Si4 since we are interested only in the
correlation between the structure and size of the T atoms.
The Gd5Si4 structure consists of 21½Gd5Si4 slabs that are
primarily bonded through interslab Si1– Si1 dimers of
2.51 A (Fig. 1). This type of slab has been shown to be
rather robust, while the interslab bonds can be easily bro-
ken and reformed through changes in temperature, compo-
sition, magnetic field and valence electron concentration
[10–12]. Shear movement of these slabs with respect to
each other determines the structure type and physical
properties of a phase. If the slabs are positioned in a way
as to form interslab T1– T1 bonds (dT1T1 is close to the
atomic diameter of a T1 atom), then the structure is of the
Gd5Si4-type and usually is either paramagnetic or ferro-
magnetic depending on the temperature and composition.
When the T1– T1 bonds are broken (dT1T1 > 3:2 A), the
structure is of the Sm5Ge4-type and is either antiferromag-
netic or paramagnetic. Structures with intermediate inter-
slab T1– T1 bond distances (dT1T1 ¼2:93:0A) are of
the Pu5Rh4 type, and no generalization can be made about
the magnetic properties of these phases because only two
representatives, Gd5GaGe3 [11] and Ce2Sc3Ge4 [27], have
been reported so far. As was shown for the Gd5GaxGe4x
system, distinction between the Gd5Si4-type and Pu5Rh4-
type structures is not clear-cut, which is due to a continu-
ous transition from one structure to another and to rather
small changes in relative atomic arrangements. In our de-
scription, we will use the interslab bond distance dT1T1
as a ‘‘structural” indicator, although changes in the x coor-
dinate can also serve for a structure assignment.
As expected, substituting smaller Si atoms with larger
Sn atoms (rSi ¼ 1.173 A and rSn ¼ 1.242 A) [17] in
Gd5Si4 leads to larger interslab and intraslab bond dis-
tances, e.g. from dT1T1 ¼ 2:51 and dT2T3 ¼ 2:51 A in
Gd5Si4 to dT1T1 ¼ 3:04 and dT2T3 ¼ 2:75 A in
Gd5Si2Sn2. As judged from the T1–T1 distances (Table 1),
Gd5Si4, Gd5Si3.70Sn0.30, Gd5Si3.39Sn0.61 and Gd5Si2.56Sn1.44
have a Gd5Si4-type structure, while Gd5Si2.02Sn1.98 adopts
a Pu5Rh4-type structure. Figure 2 shows changes for the
two symmetry inequivalent T– T distances versus the aver-
age radius of the T atoms, which was approximated as
rT ¼ rSi Si fraction þ rSn  Sn fraction for each T site.
The T2– T3 dimer covers a smaller range in rT than the
T1– T1 dimer because Sn tends to substitute more readily
into the T1 sites. Furthermore, the increase of the T2– T3
bond length is rather smooth, but there is a plateau in the
T1– T1 distance on going from Gd5Si3.39Sn0.61 to
Gd5Si2.56Sn1.44. The origin of the plateau is not understood
at present, and we continue to investigate this observation.
However, on going from Gd5Si4 to Gd5Si2Sn2, the overall
increase is larger for the T1– T1 bonds (22%) than for
T2– T3 bonds (11%): the T1– T1 and T2– T3 dimer dis-
tances increase similarly within the Gd5Si4-type structures
(x  1.5 in Gd5Si4xSnx) and then diverge for the Pu5Rh4-
type structure (x ¼ 2). A further influence on these dis-
tance changes is the local coordination environment. An
evaluation of Gd– T contacts below 3.5 A shows that the
T1 sites are surrounded by 7 Gd atoms (an 8th Gd atom
is found 3.726(2) A away), whereas the T2 and T3 sites
are coordinated by 8 Gd atoms. Therefore, the changes in
T– T distances follow the occupancies of the T sites by Si/
Sn as well as the environments for these dimer sites.
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Fig. 1. Crystal structure of the Gd5Si4–xSnx phases (0  x  2) con-
sisting of the 21½Gd5T4 slabs. Interslab T1–T1 bond distances (la-
beled d) are indicated.
Fig. 2. Interslab T1– T1 and intraslab T2– T3 distances in the
Gd5Si4xSnx phases as a function of the average radius of the T atoms.
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An orthorhombic ‘‘Gd5SiSn3” phase could not be synthe-
sized, but, rather, a filled version of the Mn5Si3-type struc-
ture was obtained. The Gd5Sn4 phase is known to adopt the
Sm5Ge4 structure [16, 19], in which all interslab T1– T1
bonds are broken (estimated Sn1– Sn1 and Sn2– Sn3 dis-
tances, respectively, are 3.80 A and 2.82 A based on re-
ported lattice parameters [16] and positional parameters for
Gd5Ge4 [11]).
Electronic structures of orthorhombic Gd5Si2T2
(T ¼ Si, Ge, Sn)
The magnetocaloric materials, Gd5X4 (X ¼ main group ele-
ments) show numerous magnetic and structural transitions,
which are closely related to their electronic structures [1–
14]. Since X can range from Group 13–15 elements, the
concentration of valence electrons can significantly affect
structural and physical properties. Studies on the
Gd5GaxGe4x system showed that stretching and cleavage
of the interslab T1– T1 bonds and, thus, stability of the
structures depend on the population of the antibonding
states within the T1– T1 dimers [11]. On the other hand,
the Gd5Si4xGex system maintains constant valence elec-
tron concentration for all x, and also shows tremendous
variation in room-temperature structures ranging from the
orthorhombic Gd5Si4-type for x < 2, to monoclinic
Gd5Si2Ge2-type for 2  x  2.5, and to the orthorhombic
Sm5Ge4-type for 3  x  4 (there is a two-phase region
for 2.5 < x < 3) [10]. The Gd5Si4xGex system, therefore,
calls into question the influences of atomic sizes and orbi-
tal energies of valence electrons of a main group X ele-
ment on their structure and physical properties. In this
light, the Gd5Si4xSnx system provides an additional op-
portunity to study these relationships: Si and Sn are iso-
electronic while Si is more electronegative than Sn, and
the size difference between Si and Sn is more pronounced
than between Si and Ge. Our crystallographic results,
however, show that Gd5Si4xSnx behaves quite differently
than Gd5Si4xGex at ambient temperatures: there is no
monoclinic distortion but a steady expansion of the
T1– T1 distance within the orthorhombic crystal class. For
this reason, only the T– T interactions will be discussed in
detail in the remaining section; a more thorough analysis
of the electronic structures of Gd5T4xT 0x and their relation-
ship to physical and structural characteristics is currently
under investigation [28].
In paramagnetic Gd5Si4, all Si atoms form either inter-
slab Si1– Si1 or intraslab Si2– Si3 dimers of 2.51 A. Ac-
cording to the Zintl-Klemm electron counting formalism
for valence compounds [29], the Si2 dimers are formally
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Fig. 3. Total, projected DOS (top) and COHP curves for the T1– T1 and T2– T3 interactions (bottom) of high-temperature (363 K), paramagnetic
Gd5Si4 and room-temperature, paramagnetic Gd5Si2Sn2. Bonding interactions are – COHP > 0; antibonding interactions are – COHP < 0. In
Gd5Si2Sn2, Sn atoms are in the T1 site, Si atoms are in the T2 and T3 sites.
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isoelectronic with halogen dimers and carry a negative
charge of 6. If Gd atoms are treated as Gd3þ, the chemi-
cal formula of the orthorhombic phase can be written as
(Gd3þ)5(Si26)2(3e). The three remaining valence elec-
trons will occupy Gd– Gd and Gd– Si bonding states, as
well as Si– Si 3p antibonding states. Because the Gd– Gd
and Gd– Si bonding states are dispersed in energy due to
significant orbital interactions (as judged from correspond-
ing distances and high coordination numbers), and the
number of valence electrons is not sufficient to occupy all
bonding states, the Fermi level is expected to lie in the
middle of the conduction band and Gd5Si4 is expected to
be a metal.
This simple reasoning is supported by calculated densi-
ties of states (DOS, Fig. 3). Two peaks around 9 eV and
6.5 eV represent the bonding ss and antibonding s*s
states of the Si2 dimers, with some contributions from the
Gd orbitals. The valence band, which extends from
4.5 eV up to just above –1 eV, is separated by a pseudo-
gap from the conduction band. The states below 1 eV
are derived mostly from the sp states of the Si2 dimers
and Gd 6s and 5d orbitals. The states up to the pseudogap
account for 28 valence electrons/formula. The conduction
band, above 1 eV, has the largest contribution from Gd
5d and 6p orbitals and a small contribution from the s*p
states within the Si2 dimers. Analysis of the chemical
bonding characteristics (see COHP curves in Fig. 3) indi-
cates antibonding interslab and intraslab Si– Si interac-
tions, with all other interactions with distances less than
4.2 A being bonding around the Fermi level. The change
from the bonding to antibonding character of the sp states
of the interslab Si– Si dimers occurs at 1.47 eV. The occu-
pancy of the Si– Si antibonding states indicates a potential
instability, which can be partially lifted, structurally, by
breaking interslab Si– Si bonds as observed in Er5Si4 upon
cooling below 222 K [30] or, electronically, by splitting of
the spin-up and spin-down bands [31, 32], contraction of
the lower-lying band and thereby reducing the antibonding
character of the Si– Si (T– T) bonds in the ferromagnetic
state.3
This instability is even more pronounced in orthorhom-
bic Gd5Si2Ge2 above the b! g transition temperature of
593 K. Compared to Gd5Si4, the valence band of g-
Gd5Si2Ge2 (Fig. 4) is only slightly shifted upwards (it be-
gins at 4.1 eV instead of 4.3 eV) due to the somewhat
higher energy of the valence p orbitals (ep ¼ 7.57 and
7.29 eV, respectively, for Si and Ge) [18]. Despite this up-
ward shift, the change from bonding to antibonding char-
acter of the sp states of the interslab Ge–Ge dimers oc-
curs at 1.47 eV in Gd5Si2Ge2, exactly at the same energy
as in Gd5Si4. Thus, the destabilizing contribution of the
s*p states in Gd5Si2Ge2 will be comparable to that in
Gd5Si4, while the stabilizing effect of the sp states in
Gd5Si2Ge2 will be definitely lower than in Gd5Si4. The
Gd5Si2Ge2 structure finds a structurally simple way to
minimize this unfavorable energetic contribution: half of
the T1– T1 interslab bonds are broken (2.73! 3.48 A)
during the orthorhombic-to-monoclinic transition (g! b)
below 593 K [13]. However, this electronic argument can
be questioned because it does not take into account
geometric factors, namely, the different sizes of the Si
and Ge atoms. In Gd5Si2Ge2, larger germanium atoms
(rGe ¼ 1.242 vs. rSi ¼ 1.173 A [17]) go predominantly into
the T1 sites, which are involved in dimer cleavage. Thus,
one speculation is that the size of the T atoms dictates the
structure of Gd5Si2Ge2 and other R5X4 phases. To resolve
this ambiguity, we will now consider the electronic struc-
ture of Gd5Si2Sn2.
Just like the Ge atoms in Gd5Si2Ge2, the larger Sn
atoms (rSn ¼ 1.399 A vs. rSi ¼ 1.173 A [17]) go predomi-
nantly into the T1 sites of Gd5Si2Sn2 (see Table 2). As
mentioned above, two structural models, consistent with
the Pnma symmetry were considered for Gd5Si2Sn2: in the
first model, the Sn atoms were placed in the T1 site and
Si atoms in T2 and T3 sites; in the second model, the Sn
and Si atoms were exchanged. Calculations of the total
energy indicate that the first model is more stable by
1.50 eV/formula unit than the second one, thereby con-
firming the “preference” of the Sn atoms for the T1 site in
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3 The relationship between the ferromagnetism and occupancy of
the antibonding states is discussed in Ref. [31] and [32]. According
to the TB-LMTO-ASA calculations, development of ferromagnetism
stabilizes the orthorhombic Gd5Si4-type phases with interslab T– T
bonds and prevents their transformation to a Gd5Si2Ge2-type or
Sm5Ge4-type structure at low temperatures through reducing the anti-
bonding character of the interslab and interslab T– T bonds.
Fig. 4. Total, projected DOS (top) and COHP curves for some
interactions (bottom) in high-temperature paramagnetic Gd5Si2Ge2.
Bonding interactions are COHP > 0; antibonding interactions are
COHP < 0. Ge atoms are in the T1 site and Si atoms are in the T2
and T3 sites.
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agreement with experimental observations. Therefore, only
the results for the first model are discussed here.
In contrast to Gd5Si2Ge2, however, the T1– T1 dimers
in Gd5Si2Sn2 are stretched to 3.04 A and not broken, even
despite the fact that the Sn atoms are much larger than the
Ge atoms. This fact already suggests the dominance of the
electronic factors over the geometric ones with respect to
the dimer cleavage. Further confirmation of this assump-
tion comes from the analysis of the electronic structure of
Gd5Si2Sn2. The DOS of Gd5Si2Sn2 (Fig. 3) closely resem-
bles that of paramagnetic Gd5Si4: there are two peaks
around 8 eV and 6.5 eV consisting of the bonding ss
and antibonding s*s states of the Si2 and Sn2 dimers, with
contributions from the Gd orbitals. The splitting between
the Si ss and s*s is smaller in Gd5Si2Sn2 than in either
Gd5Si2Ge2 or Gd5Si4, which is due to the expansion of the
unit cell. The similar positions of the Si and Sn ss and s*s
states in Gd5Si2Sn2 arise from a combination of T– T and
Gd– T orbital interactions. The bottom of the valence
band, derived mostly from the Si and Sn valence p orbi-
tals and Gd 6s and 5d orbitals, is shifted upwards to
4 eV due to the higher energies of the Sn 5p orbitals
(es ¼ 7.57 and 6.71 eV, respectively, for Si and Sn
[18]) and also due to the smaller 3p orbital overlap within
the Si2 dimers, resulting from the larger unit cell.
In general, the T1– T1 and T2– T3 interactions in
Gd5Si2Sn2 resemble those of Gd5Si4 (Fig. 3). There is a
variation, however, mainly among the T1– T1 interactions
stemming from the different energies of the valence p or-
bitals of Si and Sn. Changing from bonding to antibond-
ing interactions (sp! s*p) within the T1– T1 dimers
occurs at higher energies in Gd5Si2Sn2 than in Gd5Si4
(1.01 vs. 1.47 eV). Thus, fewer T1– T1 antibonding
states are populated in Gd5Si2Sn2, and as a result, the
T1– T1 dimers are only stretched but not broken. This
contrasts with Gd5Si2Ge2, in which the half of the inter-
slab T1– T1 dimers are broken in monoclinic room-tem-
perature Gd5Si2Ge2, although the Ge atoms are smaller
than the Sn atoms (rGe ¼ 1.242 A and rSn ¼ 1.421 A)
[17]. Thus, electronic aspects, namely energies of the va-
lence orbitals, are more consequential with respect to di-
mer cleavage than geometric factors. Nevertheless, intro-
duction of larger main group atoms (X) in the R5X4
structures will result in stretching of the interslab T1– T1
bonds commensurate with radius increase for the T site
atoms, provided all other aspects such as valence electron
concentration, orbital energies of the valence electrons and
size of the R atoms remain the same.
Conclusions
Substitution of Sn atoms for Si atoms in the Gd5Si4xSnx
system leads to a transition from the Gd5Si4-type struc-
tures for 0  x  1.5 (dT– T ¼ 2.49–2.71 A) to the Pu5Rh4-
type structure for x ¼ 2 (dT– T ¼ 3.04 A). Furthermore,
although Gd5Sn4 is known to adopt the orthorhombic
Sm5Ge4-type structure, “Gd5SiSn3” forms the Ti5Ga4-type
structure, which is also described as a stuffed Mn5Si3-type
arrangement. This behavior differs from the analogous
Gd5Si4xGex system, which exhibits the monoclinic
Gd5Si2Ge2-type structure for 2  x  2.5, and shows a
two-phase region of orthorhombic structures near x ¼ 3.
Through tight-binding electronic structure calculations, we
conclude that fewer T1– T1 antibonding states are occu-
pied in Gd5Si2Sn2 than in Gd5Si2Ge2, which results from
lower electronegativity (higher valence 5p orbital energy)
and the larger size of Sn atoms and leads to T1– T1 dimer
stretching in Gd5Si4xSnx phases rather than splitting one-
half of the T1– T1 dimers as in Gd5Si4xGex phases.
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